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Abst r act

~ The paper reviews the National Aeronautical and Space
Adm nistration’s (NASA) research program flight experinments and

flight application related to Adaptive Structures. nmphasis is on
results from both experinmental and flight hardware test_prograns
that helps validates its theoretical performance. The paper

includes the role of Adaptive Structures to meet NASA's current and
future technol ogy and progranmatic needs.

| nt roduction

NASA's research program in Adaptive Structures was initiated
about six (6) years ago to provide technologies for |large (20-50
meters in dinension) precision (submicron) space structures for
observations and for ‘attenuation of noise in enclosed systens. For
Iar%e space systens, the current design approach for thernally

stabl e passive structures will not neet the perfornmance and
noreover the systems cannot be validated by ground tests(l) . The
goal is to meet the stringent requirenents while reducing cost and
Increasing reliability. Wth nore stringent interror nolse

requirements as the aircraft performance is increased requires
aggressive technology in noise reduction while reducing weight and

cost . These technologies are potentially applicable to reduction
of launch vehicle shroud noise that are significant design
requi renents on  spacecraft  subsystens. More recently,

significantly nore enphases is on smaller, |ess expensive and
shorter devel opnent spacecraft. Significant advances toEard t hese
obj ectives can be made by introducing "robustness" INnto the design,
rather than to inpose stringent controls on design, analyses,
fabrication, and testing, to reduce overall cost while increasing
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reliability to meet challenging requirenents (2,3) . _

| ntroduci ng Adaptive Structures into the structural design
i ncreases the robustness of the structures. One definition of
Adaptive Structures are systens whose geonetric and structura
characteristics can be beneficially nodified during its operational
life to meet the mission requirements (4). The deSign requires the
direct integration of actuators, sensors and controllers into the
| oad carrying structure to adapt the structure through renote
conmands or automatically in response to internal or externa
stinulations. Providing the designers the capability to introduce
adaPtabiIity into the previously passive designs resulted in an
expl osive interests by engineers in universities, industry and
government. Two Adaptive Structures conferences (5), two referred
journals and many sessions attached to other technical neetings
reflects the interest. Significant strides are in progress to
transition basic research to applications. Several ~ flight
experinents are in devel opnent along with one flight application as
part of the Wde Field Planetary Canera Il to help correct the
optics of the Hubble Tel escope to be launched within the year. The
rapid transition of Adaptive Structures into flight experinments and
applications is due to the initial enphases on |aboratory
denonstration experinents and the infrastructure of realistic NASA
funded testbeds at three NASA centers (6) and the Mssachusetts
Institute of Technology (MT). _ _

The paper presents NAsA's recent progress in Adaptive
Structures. As the technology is developed, its applicability to
a wide range of applications such as mniature |ow cost spacecraft
I's nmore evident.

Backgr ound

The technical challenge that stinulated the initial research
in Adaptive Structure was the goal of attenuating and controlling
the wvibration notion of large flexible space observation
structures. Since the large space structure are larger than the
di mensi ons of the shroud and nust be assenbl ed or deplqyed In
space; research was concentrated on truss type structures. ypi cal .
of initially proposed approaches was to place a |arge nunber of
actuators (eg. proof mass) and sensors and control the vibration of
t he mechani cal systemusing nultiple input, nultiple output MM
control systems. Partially as a result of a NASA sponsored Control
Structure Interaction (cSI) programto integrate the results of
controls and structures, testbeds were fabricated for various
researchers to experinentally validate their state-of-the-art
control | er designs. The results indicated the need for very
accurate nodels of the structure to attain the desire performance.
The accuracy requirements were very stringent and coul d be obtai ned
at best by large expenditure of funds.

| proverent in the fidelity of actuators and sensors
measurenents conpatible with material strains associated with
precision structural notion provided the capability to adapt the
structure itself to respond to neet the performance requirenents.
This lead to the devel opnent of active nenbers with actuators
i thedded or nounted on the surface of truss nenbers or in-line



actuators with actuator material in the |oad path of the truss
structural element. In both cases, the active nenber functioned as
a load transmtting structure as well as an actuator and sensor.
For space applications, piezo-electric (7) material provided the
di spl acement fidelity, stiffness, and frequency response for
precision structures. The initial research denonstrated the
capability to add structural danping at very |ow displacenent
l evel s using locally controlled active nenbers.

Many other issues becane equally inportant before |arge
precision structures are feasible for flight. The issues in a
typical possible flight scenario are: _ _

o Gound validation tests: ground validation tests for large

precision structures is very difficult and results in |ow

qual ity test data at high expense. _ _ o

0 Deploynent reliability: difficulty exists in designing

reliable deployable systens. _ _ o _

o Loose joints: difficulty exists in elimnating and

validating by ground tests the presence of |oose joints that

Is a cause “chaotic” non-linear structural response in space.

o System identification: the structural characteristics nust

be experinentally determned in space. _ _

o Static adjustment: precision static alignment in the

presence of the space environnent, including thermal, for its

10- 30 year life.

o Dynam c adjustnent: the dynam c characteristics requires

modification to provide the required dynam c controls through

danpi ng, isolation and suppression. _

0 Reliability: the design nmust acconmodate redundancies.

The incorporation of the concepts of Adaptive Structures into the
design of the precision space structures promses to provide
partial solutions to all the nmjor issues.

Noi se reduction in shell type structures used for aircraft
fusel age or shroud was initiated by using piezo-electric actuators
mounted to the surface or inbedded in conposite materials to add
active danping or nodify selected high power node shapes. This
technology is potential applicable to reducing the acoustic
response |evels of the launch vehicle shrouds at potential.
detrimental frequencies for the spacecraft. Simlarly lateral.
vibration notions of rotating systens are attenuated using piezo-
el ectric actuators.

O her spacecraft applications are the use of | ow bandw dth
thermal |y actuated |ong stroke actuators for use as a single pin
puller. Both Shape Menory Alloy and high output paraffin actuators
are candi dat es. The advantage of these prine novers over
pyrotechni c energy sources is the resulting shock |evels are
substantially reduced; this feature is especially inportant for
m ni ature spacecraft or subsystens where difficulties exist in
establishing physical distance to attenuate the high shock
environnent from critical electrical conponents.

Test beds

The rapid progress to transition basic research to flight
programs is attributable to the establishnent of various realistic



test beds at various NASA and NASA sponsored organizations. These
test beds were valuable in focusing research and hel ped devel op
realistic hardware and el ectronics necessary to performthe desired
functi ons. Mbst of the testbeds can acconmodate active nenbers b
replacing the passive nenbers. Some of the recent NASA testbeds
are:

o Figure 1 is the Langley Research Center (rLarc) Controls
Structures Interaction (cs1i) Phase O Evolutionary Testbed
that is a 17m x 7.6m x 3mtruss structure wth an antenna
subsystem to be precisely pointed during its disturbance.

o Figure 2 is the Jet Propul sion Laboratory (JpL) M cro-
Precision Interferoneter (MRI) Wwth three nearly orthogona

trusses. The dinensions of the three trusses are 7m x 6.3m X
5.5m The objective is to denonstrate relative position
control of selected locations neters apart to about 10
nanomet ers when subjected to disturbances. Figure 3 is a 3.8
m dianeter truss backup structure (Precision Segnented
Ref | ect or [PSR))onto whi ch hexagonal conposite panels are
mounted to form one optical surface.

o Figure 4 is the Marshall Space Flight Center (MSFC)
Controls, Astrophysics, and Structures Experinment in Space
(CASES) that is a 32m long deployable/retractable boom wi th an
occulting plate at the end. The objective is to maintain the
alignment of the occulting plate relative to detectors at the
base of the boom

o Figure 5 is the MT Optical Interferoneter with six (6) 3.5
m long trusses formng a tetrahedron. The objective is to
mnimze the relative notion between points at different
| ocations on the tetrahedron when subjected to external
di st ur bances.

Techni cal Progress
G ound Testing

The limtations of ground test validation technology for |arge
precision structures are not properly appreciated (8) . Unl ess
these limtations are overcone, these structures will never be
adopted on future Prograns since experience shows the necessity of
Xround tests to validate the flight system  The incorporation of

daptive Structures relaxes the ground test requirenments by several
orders of magnitude because the structure is adjustable during its
operational life.

Depl oyment / Assenbl y

A potential problemwth structural deploynent or assenbly is
the accunmulation of strain energy within the structure while being
positioned in space (9). The magni tude of accumul ated strain
energy is directly related to external forces for deploynent or
assembly.  Wien the external force exceeds the design capability,
failure occurs. Inclusion of active menbers capable of relieving
strain energy (slow ng extends/contracts under tensile/ conpressive
| oads) at the potential locations of strain energy accunul ati on can




assure the external |oads for deploynment/assenbly are safely within
the design capability. Thus the requirenments for stringent
tol erance control of many structural elenents is relaxed and
robustness in the design is through strain energy control

Structural Linearization

If gaps exists in the joints after deployment or assenbly, the
structural response at |ow levels may be “chaotic” or exhibit other
non-linear characteristics. Mst high performance control systens
requires a predictable structural response. The design is robust
when the capability exists to adjust the structure toFPreIoad t he
menbers or preload the joints using active nmenbers. esear ch and
tests are in progress on the PSR testbed.

Static Shape/Position Adjustnent

Once the precision structure is in its operational position
its static position nust be precisely located. The desired static
position can be attained by adjusting active nenbers. The active
menbers for this application Include nechanical “screw jack” or
inch worm PZT actuators (7) for higher resolution. Slow ng varying
distortions due to thermal |oads can be corrected if the frequency

response of the active menbers are slightly higher. Si gni fi cant
i nprovenments in static accuracy of the PSR structure was achieved
using only a limted nunmber of active menbers (10) . Prelimnary

studies have been initiated to establish if the change in static
shape can be estimated by a |imted number of internal displacenent
measurements (11) .

G aphite epoxy conposite hexagonal panels with mcron |evel
precision are on the PSR structure to develop the surface. The
surface accuracy nmust be maintained during its operational life of
about 30 years while in a tenperature range of 300°K to an
operational 100" K PZT strips on the back of the PSR panels
successfully corrected long wave length errors attributable to
distortions resulting fromrelease of strain energy or thernal
distortions (12).

The Wde Field Planetary Canera |l (wWwFpc-II) is to replace the
exi sting WFPC on the Hubble Tel escope to correct for its wave front
error. Robust ness was added to the system by devel opi ng an
Articulating Fold Mrror (AFM& capabl e of angul ar adjustnent during
its operation (13) . The lack of confidence of the Fold Mrror to
maintain its static angular position in the optics train subjected
to vibrations, thermal and space environnental affects resulted in
the AFM  Electrostrictive actuators are the prinme novers of the
AFM and the requirement is for a tilt step size of ~ one arc sec
with a tip/tilt range of + 206 arc sec. The picture of the AFMis
shown in Figure 6. The hardware was devel oped in about a one year
period and is scheduled for a 12/93 | aunch.

On-Orbit System Identification

The Shuttle flight experiment program Mddeck Ogravity
Dynami cs Experiment (MODE) (14) revealed the difficulties in




accurately predicting the dynanmics of structures in space from

anal ytical and ground tests. Especially at |ow anplitudes of
vi bration. Recently, NASA sponsored ground test Pro%rans have
reveal ed the requirenent for accurate know edge of the dynamc

nodel s for stability and performance fromnultiple input-nultiple
out put (mMIMo) control systems. To relax ground test requirenents
and to effectively utilize Adaptive Structures, on-orbit system

identification is required. Experiments have proven that nodal
paramet ers obtai ned by using various active menbers as excitation
sources are excellent (15) . Also the performance of the active

menbers can be calibrated by systemtests using other active
menbers as exciters (16). Active nenbers provide a nore realistic
force distribution during the nodal test since the forces are
applied at locations of maxinmum strain energy or force.

Vi bration Suppression

Vari ous passive and active nenbers for vibration suppression
at low anplitudes of vibration have been devel oped. = They include
special passive danpers and active nmenbers with relative
di spl acement  sensors and/or |oad sensors. To satisfy the
di spl acenent resolution and the w de frequency bandw dths, the
actuator materials are piezo-electric, electrostrictive and
magnetostrictive (7). Figure 7 illustrates one of the designs.
Magnetrostrictive actuators provide good performance at |ower
temperatures such as 100" K _ _ _

Mbst of the research has been perforned in vibration
suppression.  Experiments (17) on the tetrahedron truss show the
relative nmerits of different approaches to control the vibration
motion between points AB, BC and CA (aA,B and C are |ocations on
different truss legs) and are in Figure 8. Experinents (18) shown
in Figure 9 show that active and passive nenbers can effectively
quiet the notion of the structure between the excitation source and
the voice coil at the optical element. Experiments (19) shown in
Figure 10 established that by using multilayer controls, nanely
di sturbance isolation, structural quieting using active/passive
members, and optical position control, a disturbance rejection
factor of 5100 is achievable and the optical pathlength is
stabilized to 5 nm  Another experiment on Figure 1 denonstrates
the value of strategically placing active nenbers to danp target
modes near the global controller cross over frequency to assure
overal | systemstability (20) . The results are shown in Figure 11
Simlar results were obtained on a two-dimensional type structure
shown in Figure 3. Active danpi ng usinﬁ_active nmenbers was
achi eved using MiMO: success was only achievabl e when a ver
accurate know edge of the structural nodel is available. Loca
anal og controllers on each active nenbers are very robust and its
affect|V|t¥ i's enhanced through matching its inpedance with the
structure (21)

The control of vibration on beans and frame-like structures
typically requires as many actuators as the nunber of nodes to be
control | ed. Control ling both extensional and flexural waves on
beans using PZT actuators and PVDF sensors prevents the vibrations
from propagating beyond the control location or at the location of




the PZT actuator (22). A 20db reduction in panel radiated noise
was achieved by using 4 PZT actuators on an 18" dianmeter al um num
plate by reducing the nodal anplitudes (23). On a 12 ft. and 5.5
ft diameter conposite cylinder, two PZT actuators are on the skin
for one test and two PZT actuators are on the web of the ring frane
for the other test (24). At a frequency of 172 Hz, both tests
resulted in a 12 db noise reduction as shown in Figure 12. Ni ne
PZT actuators mounted on the side of a 12.0 ft al um num cyli nder
wth a dianeter of 5.5 ft u3|n? neural network controllers to
reconfigure the distribution of forces (25). As shown in Figure
13, use of select actuators to reduce noise while others are to
prevent spill over excitation of the shell resulted in a 15.9 db
interior noise reduction while attaining a 0.4 reduction in
structural response. _ _ _

Active control of rotor vibration using three PZT actuators
denonstrating control of steady and transient vibrations,
synchronous and non-synchronous vibrations, relocation of critical
speeds and rotor instabilities on ground test has been acconplished
(2? . Figure 14 illustrates the test setup and partial results.
Efforts to devel op cryogenic turbopunp h¥brid magneti c bearing have
resulted in a significant danping of 200 |b-see/in that has
conpl etely suppressed flexible bending characteristics. Wi | e
operat|nﬂ in cryogenic tenperatures at 14,000 rpm radial |oads of
500 1bs have been produced (27). o _ _

Vibration isolation of ~precision optics on a flexible
structure wth frequencies above 25 Hz. has been denonstrated to
provide a 15 db broadband di sturbance rejection over a 300 Hz
bandw dth by using a nount designed to be reactionless over 50
Hz. (28). The approach aocesn't depend a good nodel of the flexible
structure. A magnetic suspension isolation system has been
demonstrated to provide one to two orders of magnitude vibration
reduction in the 1-20 Hz frequency range during 20 seconds of
mni-gravity environment on an aircraft (29). Research is
currently in progress to deveI%P a six degree of freedomisolation
system using a Stewart latform configuration and  six
magnetostrictive actuators (30) . Figure 15 illustrates the overal
configuration. The reduction of vibration of cryocoolers has been
actively canceled using a nulti-axis counterbal ance driven by three
sets of magnetic actuators. Reduction of two orders of magnitude
of the third harmonic was achieved with negligible effect on the
other harnonics (31) . _ _ _

~ To help transition the research into space applications,
active danping was successfully denonstrated on a 12 neter truss on
a KC-135 aircraft flight (32). Excell ent results were achieved
with mninal effort on a structure wth poor  nmods L
characterization. A ground based/ KC-135 flight experinent is
pl anned using an existing flight structure to validate active and
passive danping to suppress the jitter of a space laser. A M ddeck
Active Control Experinment (MACE) is being devel oped for a Shuttle
to be flown in 1994 (33). The objective is to space validate the
structures/controls issues related to very flexible structures with
nmul tiple payl oads, sone payloads requiring precise pointing. See
Figure 16. Active menbers are a part of the experiment to provide
vi bration suppression. Qher flight experinents related to




interferonmeter, vibration suppression, space assenbly and others
are being eval uat ed.

O her |ssues

Ot her issues being addressed include studies to mniaturize
the electronics and power supplies and establish the feasibility of
co-locating or even inbedding theminto the conposite itself, near
the actuators and sensors. The optimal |ocation of the fewest
nunmber of actuators and sensors to_achieve the desired structura
performance i s being studied. The achievenent of reliability
through redundancies of actuators and sensors exists. The
applications appear to linmted by the force, stroke, toughness
power, weight and static displacement capabilities of the actuators
in the operating space environment. Both new actuators materials
and conposite actuators conbining the active elements with matrix
material is being investigated. Also work is continuing to further
devel op and establish the use of fiber optics as strain sensors
when attached or inbedded into structures.

Summary

A very rapid transition of research in Adaptive Structures
to applications has occurred in the past five years.  The
transition can be directly attributable to the "enphasis on
experimental work that has help re-focus “research” towards those
areas that have a near termbenefit. Also nmany flight experinents
in Adaptive Structures are being planned that will highlight
integration issues with operational spacecraft that are often
critical yet overlooked in research progranms. Al so a realization
I's that designing robustness into the structural design results in
system that neets stringent requirements with a potential savings
in cost and schedul e. Adaptive Structures provides the "tools"
that can increase the robustness of structural design.

This work is directly applicable to many issues related to the
recent enphasis on small, quick and inexpensive spacecraft. Also
the technology is applicable to many future non-aerospace
applications.
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Figure 1 LaRC Phase O Evol utionary Testbed

Figure 2 JPL Mcro Precision Interferoneter

Figure 3 Precision Segmented Reflector

Figure 4 MSFC Controls, Astrophysics & Structures Experinment in
Space

Figure 5 MT Optical Interferoneter




Fi gure

Figure

Figure

Figure

Fi gure

Figure

Figure

Figure
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Figure 14 LeRC Active Control of Rotor Vibration

Figure 15 Stewart Platform Six DOF Isolation System

Figure 16 M T Middeck Active Control Experinent




